Ⅲ Discuss the technical aspects of cardiac MR imaging and the benefits of using this modality in patients who undergo repair of tetralogy of Fallot.
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Survivors of tetralogy of Fallot (TOF) repair constitute a large and growing population of patients. Although postsurgical outcome is generally favorable, as these patients move into adulthood, late morbidity is becoming more prevalent and the notion that TOF has been "definitively repaired" is increasingly being challenged. Recent evidence suggests that adverse long-term postsurgical outcome is related to chronic pulmonary regurgitation, right ventricular dilatation, and deteriorating ventricular function. Cardiac magnetic resonance (MR) imaging has been established as an accurate technique for quantifying ventricular size, ejection fraction, and valvular regurgitation. Cardiac MR imaging does not expose the patient to ionizing radiation and is therefore ideal for serial postsurgical follow-up. Familiarity with the anatomic basis of TOF, the surgical approaches to repair, and postrepair sequelae is essential for performing and interpreting cardiac MR imaging examinations. For example, awareness of the complications and sequelae that can occur will assist in determining when to intervene to preserve ventricular function and will improve long-term outcome. Technical facility is necessary to tailor the examination to the individual patient (eg, familiarity with non-breath-hold modifications that allow evaluation of young and less compliant patients). The radiologist can play an essential role in the treatment of patients with repaired TOF by providing noninvasive anatomic and physiologic cardiac MR imaging data. Further technologic advances in cardiac MR imaging are likely to bring about new applications, better normative data, and more examinations that are operator independent.
Introduction
Tetralogy of Fallot (TOF), the most common congenital heart defect associated with cyanosis and pulmonary undercirculation, accounts for approximately 6%-10% of all cases of congenital heart disease (1, 2) . Although the prognosis for patients who have undergone surgical repair is favorable (early mortality rate Ͻ2%), residual defects, complications, and sequelae are common (3) (4) (5) (6) (7) . After undergoing repair, patients commonly have a variable degree of pulmonary regurgitation (PR). Over long-term follow-up, right ventricular (RV) dilatation and dysfunction, atrial and ventricular arrhythmias, congestive heart failure, and sudden death may occur. In a recent long-term follow-up study, the annualized risk of death increased substantially 25 years after surgical repair, with the mortality rate increasing from 0.24% to 0.94% (3) . Restoring pulmonary valve function, and thereby reducing the substrate for RV dilatation, has been shown to decrease RV size and improve symptoms (8 -15) . The impact on RV systolic function, arrhythmia, and mortality rate has yet to be definitively demonstrated (9, 11) .
The effectiveness of ultrasonography in providing comprehensive evaluation during long-term treatment of these patients is often limited due to the loss of adequate acoustic windows in older patients, coupled with the inability of echocardiography to help quantify RV size or function or the percentage of valvular regurgitation. Cardiac magnetic resonance (MR) imaging is a noninvasive method that allows serial follow-up of postsurgical patients without exposure to ionizing radiation or use of iodinated contrast material. Cardiac MR imaging can be used to quantify ventricular size, ejection fraction, and regurgitation. Adequate familiarity with the anatomic, clinical, and cardiac MR imaging appearances of TOF is important for optimizing the diagnostic yield of this imaging modality. Facility with the technical aspects of cardiac MR imaging is essential for producing high-quality images, especially in the potentially less compliant pediatric population. In this article, we review the anatomic features of TOF. In addition, we discuss cardiac MR imaging in terms of (a) advantages and disadvantages in TOF patients; (b) basic imaging techniques; and (c) assessment of ventricular mass, volume, and flow. We also discuss and illustrate common postsurgical complications of TOF repair.
Anatomic Features of TOF
The anatomic abnormality in TOF is failure of fusion of the conal and ventricular septa (Fig 1) . This anterior malalignment of the conal septum leads to the classic tetrad of findings: subaortic VSD, an overriding aortic valve, RV infundibular stenosis, and subsequent RV hypertrophy (Fig 2) . A right-sided aortic arch is seen in 25% of cases (2) . Symptoms (cyanosis or congestive heart failure) are related to the degree of RV outflow tract obstruction (infundibular narrowing).
TOF with pulmonary valve atresia, also known as pulmonary atresia with VSD, is the most severe form of TOF, accounting for 2.5%-4% of all cases of congenital heart disease (Fig 3) (2) . The degree of cyanosis varies with the number and size of systemic-to-pulmonary collateral vessels. The presence and size of the mediastinal pulmonary arteries dictates the surgical approach. When pulmonary arteries are adequate in size, an RVpulmonary artery conduit is placed and the VSD is closed. If there are lung segments that are supplied by collateral vessels alone, attempts are made to incorporate these vessels into the repair procedure. Although gadolinium-enhanced MR angiography is becoming a critical adjunct to the presurgical evaluation of affected patients, defining course and lung supply (dual supply from collateral and native pulmonary arteries versus collateral vessels alone) is accomplished mainly with cardiac catheterization. Three-dimensional MR angiography can provide a "road map" to aid in catheterization planning and, eventually, in surgical repair (Fig 4) (16) .
The preoperative assessment of infants with TOF is accomplished effectively with two-dimensional (2D) echocardiography alone in the vast majority of patients. Assessment is focused on exclusion of associated lesions, precise measurement of the pulmonary valve annulus and branch pulmonary arteries, and definition of the course of the proximal coronary arteries, since a coronary artery that crosses the surface of the RV outflow tract alters the surgical approach.
Cardiac MR Imaging Advantages and Disadvantages in TOF Patients
Cardiac MR imaging has the advantage of being a noninvasive approach for the pre-and postoperative evaluation of patients with TOF, without the discomfort and morbidity associated with transesophageal echocardiography or cardiac catheterization. It involves no ionizing radiation, which represents a distinct advantage over catheterization and CT, especially in pediatric patients who may need multiple examinations. No nephrotoxic contrast agents are used, and the prevalence of allergic and anaphylactoid reactions to gadolinium is significantly lower than that associated with the iodinated contrast material used for catheterization and CT (17) .
Cardiac MR imaging provides excellent anatomic detail with a large field of view, vesselspecific flow data, and a method for assessing myocardial function. Although 2D Doppler echocardiography has dramatically improved the noninvasive evaluation of congenital heart disease, quantitative data about ventricular size (especially the RV) and valvular regurgitation are limited. Cardiac MR imaging can help quantify size, function, and the percentage of regurgitation. This information is particularly useful in older postsurgical patients, who often have poor acoustic windows that severely limit the diagnostic quality of ultrasonography. In addition, as experience increases and technical advances are made, cardiac MR imaging has the potential to be less operator dependent than echocardiography.
MR imaging is contraindicated when pacemakers or pacemaker wires are present, although this absolute contraindication is being critically reevaluated (18, 19) . Some types of implanted metallic stents and coils can limit image quality due to susceptibility artifacts. Arrhythmia or poor electrocardiographic signal rarely prevents adequate gating. Although cardiac MR imaging requires patient cooperation, including the ability to remain still and hold the breath, techniques can be modified for less cooperative and younger patients, so that not all pediatric studies need to be performed with the patient under general anesthesia. The disadvantages of cardiac MR imaging (relative to CT angiography) are longer scanning times and the need for greater operator expertise.
Basic Imaging Techniques
Technical information is summarized in Table 1 . Electrocardiographicallygated SSFP imaging provides excellent contrast between the blood pool and the myocardium, with excellent in-plane spatial resolution and good temporal resolution (Fig 5) . Although it is preferable to perform these sequences with breath holding (to eliminate diaphragmatic motion artifact), the technique can be modified for nonbreath-hold imaging in less cooperative patients. Two-dimensional cinematographic (cine) MR images are obtained during one complete cardiac cycle, providing excellent anatomic detail and thereby allowing quantification of ventricular volumes and function. Modifications in smaller patients include reducing the field of view, the section thickness, and the number of views per segment to improve spatial and temporal resolution; and increasing the number of acquisitions to both maintain an adequate signal-to-noise ratio and average out diaphragm motion in free-breathing patients. With these adjustments, care must be taken to keep repetition time and echo time short, since artifacts related to the loss of steady state increase as repetition time and echo time increase. As with all MR imaging sequences, these trade-offs are greatly influenced by gradient speed and require flexibility on the part of the imager.
High-resolution gadolinium-enhanced 3D MR angiography is particularly valuable for imaging the branch pulmonary arteries, the aorta, and the systemic and pulmonary venous anatomy (Fig 6) . The 3D data set can be reviewed at dedicated 3D workstations to improve diagnostic accuracy. This modality has proved accurate in the evaluation of branch pulmonary artery stenosis (4, 16, 20) and of the systemic and pulmonary venous anatomy (1, 21, 22) . Recently developed 3D imaging technology makes use of multiple surface coils for spatial localization, reducing the number of phase-encoded steps needed, which dramatically increases imaging speed while maintaining adequate spatial resolution. This time-resolved imaging is increasingly being used in pediatric and adult vascular applications (23, 24) and, in pediatric patients, has great potential to allow time-resolved MR angiography during short breath holds or free breathing, without sacrificing spatial resolution (Fig 7; Phase-contrast imaging makes use of an additional biphasic gradient to label moving voxels with a phase shift proportional to velocity within each voxel. With use of segmented k-space acquisition, cine images obtained during multiple cardiac cycles are displayed as both a magnitude image and a phase image (voxel intensity being dependent on phase shift) with good spatial and temporal resolution. The true temporal resolution is twice the repetition time multiplied by the number of views per segment. Care must be taken in pediatric imaging to adjust the number of views per segment, the voxel size, and the number of acquisitions to permit adequate temporal resolution and signal in smaller patients with faster heart rates. This technique allows accurate quantification of vessel flow, including shunt volumes and regurgitation volumes (Fig 8) , and has been extensively validated both in vitro and in vivo (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . 
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Black blood imaging makes use of an electrocardiographically-gated FSE-DIR sequence to provide 2D images of the heart and vasculature at end diastole. It provides excellent spatial resolution and is essential when imaging the airway, vessel wall anatomy, and pericardium. FSE-DIR imaging is particularly useful in defining the extent and location of branch pulmonary artery stenosis when turbulence or metal-related artifacts are present (Fig 9) . RV-pulmonary artery conduits and proximal branch pulmonary arteries can often be clearly imaged in free-breathing younger patients by increasing the number of acquisitions to average out respiratory motion. This gain in signal can then be "traded in" for better in-plane resolution by increasing the matrix size. The cost of this approach is imaging time, which at times necessitates a more focused evaluation. Knowledge of the clinically relevant data becomes critical, especially when imaging less cooperative patients.
Assessment of Ventricular Mass, Volume, and Flow
In the assessment of patients who have undergone TOF repair, serial follow-up MR imaging examinations can be performed to measure RV size (volume and mass) and function, as well as to quantify the magnitude of PR or tricuspid regurgitation (TR). Contiguous standard short-axis images are obtained, and, with use of commercially available cardiac postprocessing software, the endocardium-blood border is traced to calculate end-diastolic volume and end-systolic volume (Fig 10) . Once the volumes are calculated, the stroke volume, cardiac output, and ejection fraction can be calculated as follows: end-diastolic volume Ϫ end-systolic volume ϭ stroke volume, stroke volume ϫ heart rate ϭ cardiac output, and stroke volume Ϭ end-diastolic volume ϭ ejection fraction.
The available normative data for men, women, and children (adjusted for body surface area) are provided in Table 2 (38,39 ). There is a clear lack of adequate normative data for children who are imaged with the newer SSFP sequence. This sequence provides a better signal-to-noise ratioand hence, improved contrast between blood and myocardium-and has been shown to yield systematically different values for ventricular volumes than do the older gradient echo-based cine sequences (39) . The lack of reliable normative MR imaging data for this subset of patients continues to be a problem and should be addressed with an appropriately designed investigation.
Quantification of regurgitation entails a postprocessing technique in which through-plane velocity and area are measured by tracing the vessel border on sequential phase-contrast images obtained over one cardiac cycle (Fig 8) .
The phase-contrast imaging technique provides quantitative lung perfusion data and allows calculation of the ratio between pulmonary and systemic flow. These two applications have good agreement with nuclear lung perfusion (25, 26) and catheter-derived pulmonary-systemic flow ratio (31, 33) , respectively. In contrast to hemodynamic assessment with catheterization, the phasecontrast imaging technique can be used to measure flow across any vessel, thereby allowing estimation of lung perfusion in patients with multiple sources of pulmonary blood flow.
Common Postoperative Complications
The goal of repair is to close the VSD and relieve RV outflow tract obstruction. Two basic approaches to repair have evolved: (a) early total repair and (b) palliative shunt creation (eg, Blalock-Taussig operation) followed by definitive repair. Complete repair in early infancy has the benefit of requiring only one operation and helps obviate palliative shunt creation, which adds a volume load to the LV until complete repair is performed.
If the pulmonary valve annulus is hypoplastic, a transannular patch is necessary. If the annulus is adequate, the repair can be limited to opening the RV outflow tract without crossing the annulus. VSD closure and infundibular muscle resection can be accomplished through an atrial incision, although a small ventriculotomy is often necessary for patch enlargement of the outflow area. 
Residual VSD
Residual VSD, although rare, should be sought and excluded. Although most residual VSDs can be accurately diagnosed with 2D Doppler echocardiography, they can also be identified with SSFP imaging, and the magnitude of the shunt can be quantified with phase-contrast imaging.
Prior to the advent of cardiac MR imaging, reliable shunt quantification was possible only with invasive catheterization. High-velocity shunting through a small VSD creates a "jet" of turbulent flow, which manifests as local loss of signal intensity or a signal void on SSFP images.
PR, RV Enlargement, and RV Dysfunction
PR, the most common sequela of transannular or RV outflow tract patch repair, is present in nearly all TOF patients and can be accurately quantified with phase-contrast imaging. In addition, the effects of PR on RV size and function can be serially measured. Chronic PR is generally well tolerated; however, the evidence is beginning to point to PR as an important contributing cause of longterm morbidities, including atrial and ventricular arrhythmia, RV dilatation, and, possibly, sudden death (1,3,5,40 -44 
DC1).
Cardiac MR imaging is the standard of reference for measuring RV size and function (Fig 11)  (45,46) . Although RV ejection fraction, like most ejection-phase indexes, is load dependent, it is presently the most accurate and reproducible criterion for assessing RV systolic function. Depressed RV ejection fraction is linked to adverse outcomes (47) , and early detection, with intervention to preserve RV function, will likely contribute to better long-term outcome in TOF patients.
Residual Pulmonary Stenosis
Approximately 10%-15% of patients will have residual or recurrent branch pulmonary stenosis (5) . A significant number of these patients will require additional surgery or catheter-directed angioplasty for residual or recurrent pulmonary stenosis. The level of stenosis varies from the proximal RV outflow tract to the distal branch 
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Teaching Point pulmonary arteries, including surgically placed RV-pulmonary artery conduits (Fig 12) .
Tricuspid Regurgitation
The prevalence of moderate or greater TR is estimated to be approximately 10% (5). TR is usually a consequence of progressive RV dilatation with subsequent annular dilatation of the tricuspid valve. The magnitude of the regurgitation can be quantified with phase-contrast imaging data either alone or in combination with RV volumetric data. Quantification of TR has yet to be vigorously validated, in part due to the lack of a robust standard of reference. Incorporating RV volumetric data with phase-contrast imaging data may have inherent error greater than that for semilunar (aortopulmonary) regurgitation. As with PR, the effects of TR on RV size can be assessed with RV volumetric data.
RV Outflow Tract Aneurysm
RV outflow tract aneurysms are often present and are related in part to transannular or RV outflow tract patching (Fig 13) . Other possible contributing causes include extensive infundibular muscle resection and ischemic insult (48) . The size of the RV outflow tract is easily and accurately evaluated with SSFP imaging, and reduced RV ejection fraction has been associated with the presence of RV outflow tract aneurysm (11) In the measurement of the RV volumes, inclusion of the dyskinetic segment necessarily "contaminates" global ejection fraction, potentially exaggerating the degree of myocardial contractile dysfunction when the RV sinus actually has normal regional shortening (49) . The inefficient transfer of stroke volume to the pulmonary arteries may play a part in the presence and progression of reduced cardiac output and exercise intolerance.
Conduit Obstruction
Because of the lack of durable long-term RV-pulmonary artery conduits, obstruction eventually develops in nearly all patients who require a conduit as a part of initial repair. Conduit obstruction can be identified with multiple imaging sequences. However, the ability to determine the degree of Figure 12 . Pulmonary stenosis in a 12-yearold boy with repaired TOF. Volume-rendered image (superior view) shows a dilated infundibulum, some narrowing at the pulmonary valve level, and mild bilateral branch pulmonary stenosis (arrows). obstruction is somewhat limited compared with the accuracy of diagnosing branch pulmonary stenosis. Artifacts related to metal within the conduit and to turbulent flow often interfere with this assessment. As previously mentioned, 2D FSE-DIR imaging is less affected by these artifacts and can often provide diagnostic information (Fig  14) . Fortunately, Doppler gradients can be obtained in almost all patients, even those with poor acoustic windows, and correlate well with catheter-derived gradients. This approach is a good example of recognizing and using the individual strengths of both echocardiography and cardiac MR imaging to obtain complementary diagnostic data.
LV Dysfunction
The accuracy and reliability of cardiac MR imaging in measuring LV systolic function is well established (50) . In addition to its previously mentioned advantages over echocardiography, cardiac MR imaging-derived LV ejection fraction retains its accuracy in the presence of RV volume overload (diastolic septal flattening) and abnormal septal motion, unlike echocardiography-derived shortening fraction (50) . LV dysfunction is an uncommon complication but has been associated with a number of predictors, including time elapsed since palliative arterial shunt creation, aortic regurgitation, and, most significantly, RV ejection fraction (47, 48, 51, 52) . Recently, LV ejection fraction was found to be the strongest predictor of poor clinical status (47) . Proposed mechanisms include akinesia resulting from the VSD patch, septal fibrosis, chronic volume loading from early palliative shunt creation, abnormal septal motion, and myocardial injury at the time of repair.
Conclusions
With technologic advances over the past decade, cardiac MR imaging has evolved as the ideal clinical modality for evaluating patients who have undergone TOF repair. Further advances are likely to bring about new applications, better normative data, and more examinations that are operator independent. As this patient population continues to age, cardiac MR imaging will likely contribute significantly to their care. Reliable serial cardiac MR imaging data can help determine when to intervene to preserve ventricular function and improve long-term outcome. On a 2D FSE-DIR image, the narrowing (arrow) is still evident but is not as severe as was suggested by findings at bright (white) blood imaging.
